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Abstract 
The HT-ESEM design and image acquisition conditions to perform in situ experiments are fully described. Two examples of 
applications in the nuclear glass field are reported. 
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1. Introduction 
High Temperature Environmental Scanning Electron Microscopy (HT-ESEM) is a technique which has been 
developed in the late 90’s and that has been the subject of continuous developments. It is the combination between a 
scanning electron microscope of which capabilities in terms of image resolution and fast image acquisition are well-
known, and a dedicated furnace which allows in situ heat treatment of a sample. This combination allows studying 
directly sample morphology modifications occurring during sample heat-treatment. It has been successfully used to 
study several phenomena such as the corrosion of metals (Jonsson et al., 2011), oxidation of metals (Oquab & 
Monceau (2001); Schmid et al. (2002); Reichmann et al. (2008); Mège-Revil et al. (2009); Quémarda et al. (2009); 
Delehouzé et al. (2011)), reactivity at high temperature (Maroni et al. (1999); Boucetta et al. (2012)), phase changes 
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(Fischer et al. (2004); Hung et al. (2007); Beattie & McGrady (2009), hydrogen desorption (Beattie et al. (2009, 
2011), redox reactions (Klemensø et al. (2006), microstructural modifications (Bestmann et al. (2005); Fielden 
(2005); Yang (2010)), magnetic properties (Reichmann et al. (2011)), sintering (Sample et al. (1996); Srinivasan 
(2002); Marzagui & Cutard (2004); Subramaniam (2006); Courtois et al. (2011); Joly-Pottuz et al. (2011); Goel et al. 
(2012); Podor et al. (2012)), thermal decomposition (Gualtieri et al. (2008); Claparède et al. (2011); Hingant et al. 
(2011); Goodrich & Lattimer (2012)), crystallisation (Gomez et al. (2009)) in melts (Imaizumi et al. (2003); Hillers 
et al. (2007); Vigouroux et al. (2013)) and the self-repairing – self-healing – properties of materials (Wilson & Case 
(1997); Coillot et al. (2010, 2011).  
However, applications of this technique in the field of nuclear materials remains limited (Boucetta et al. (2012); 
Clavier et al. (2013)) but it potentially offers new opportunities to study and describe complex chemical processes 
occurring during glass elaboration for the conditioning of radwastes. In this paper, we will report the basics of HT-
ESEM and two examples of application in the nuclear field. This work was carried out on non-radioactive samples. 
2. Basics of HT-ESEM 
2.1. The Environmental Scanning Electron Microscope (ESEM) 
The ESEM (or more generally the VP-ESEM family for Variable Pressure - Environmental Scanning Electron 
Microscope – as proposed by Stokes (2008)) has been commercialized in the late eighties. This microscope has been 
designed to work under a pressure limit of 4kPa of water vapor. The specific architecture of the column as well as 
adapted detectors allows working using different gazes (water vapor, air, He, O2, CH3COOH etc) and recording 
images of conductive or insulating, dry or wet materials. The versatility of this microscope, when combined with 
specific stages, offers the possibility to use the ESEM chamber as a “micro-laboratory” and to perform experiments 
by looking at the sample modifications occurring at the sub-millimeter scale up to the nanometer scale. This ability 
has been widely used to study the behavior of various objects or materials under wet conditions such as food, live 
organisms (Stabentheiner et al. 2010) or cells (McGregor et al (2013), liquids (Jung and Bhushan (2008)), clays 
(Carrier et al. (2013)), Metal Organic Frameworks (Sievers et al. (2013)) … 
2.2. Heating stages – Temperature control – Sample  
Specific heating stages have been developed since the seventies. The furnace that is adapted to the ESEM, and 
used in the present study, has been designed by Ralph and Knowles (1997). The heating element is a Pt wire and the 
temperature is monitored by an external thermocouple. Two specific furnaces have been built and dedicated to 25-
1000°C and 200-1500°C applications (Figure 1a). 
a)  b)
Fig. 1. a) Furnace, Heat shield and GSED detector during the HT-ESEM experiment. b) Specific sample holders developed by Podor et al. (2013) 
– Position (1) is the head of the thermocouple where the sample is positioned during the experiment. 
One problem encountered during the use of the 200-1500°C furnace is the accuracy of the temperature control. 
Indeed, the position of the thermocouple in the furnace, the position of the sample in the furnace, as well as the 
nature and pressure of the gas used in the ESEM chamber, yields to large variations of the temperature 
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measurements. As an example, the temperature associated with gold melting point (Tm=1064°C) which is measured 
with the as-received thermocouple from the supplier of the microscope ranges from 950 to 1179°C. This lake of 
accuracy led Podor et al. (2013) to develop a specific sample holder in which the measurement thermocouple is 
directly placed below the sample (Figure 1b). Using this new design, the measured temperature for gold melting 
point ranges from 1062 to 1069°C and is independent of the nature and pressure of the gases present in the ESEM 
chamber. This specific sample holder allows precise temperature measurements (±5°C accuracy) in the 200-1400°C 
temperature range. 
The samples to be used during the HT-ESEM experiments can be in solid or liquid forms (silicate melts, molten 
salts, …). When solids are used, the sample size must be limited to allow the sample to be directly placed in the 
sample holder. Typical sample size is L×l×h = 1×1×0.5mm3. When liquids are used, the sample is placed in a 
platinum crucible and the sample size still remains limited: the objectives being to limit the chamber contamination 
by gazes that can be generated by the silicate melt or molten salt decomposition and to limit convection movements 
in the liquid. The sample preparation sequence for a HT-ESEM experiment is reported on Figure 2.  
Fig. 2. Sample preparation sequence to perform a HT-ESEM experiment. 
2.3. Electron detection in the HT-ESEM 
The electron collection and detection is ensured using a modified Gaseous Secondary Electron Detector (GSED) 
(Figure 1). The principle of the electronic emission amplification and collection is as follows (see Stokes (2008) for 
more details). An electric field is applied between the sample and the GSED detector. When an electron is emitted at 
the sample surface, it is accelerated and it ionizes the gas present in the chamber. Electrons are produced during this 
process and the cascade is propagated towards the anode and the secondary electron signal is amplified. The voltage 
measured in the GSED is proportional to the secondary electron signal and allows image construction of the sample 
surface. The positive ions formed during the ionization process are attracted by the negatively charged sample 
surface and compensate the surface charge. This allows direct observations of insulators (i.e., without a conductive 
coating). 
Furthermore, a heat shield is placed between the sample (furnace) and the GSED. It is constituted by a metallic 
grid which can be polarized in order to specifically attract the secondary electrons (and filter the thermal electrons 
emitted at high temperature).  
2.4. Image recording conditions 
The images formed from a sample heated at high temperature require the adjustment of the microscope through 
10 different parameters: gas pressure, nature of the gas, working distance, high voltage, spot size, diaphragm 
aperture, heat shield voltage, contrast, brightness and enhance. Increase of temperature enhances the thermal 
electron emission which becomes predominant compared to the secondary electron emission. Thus, advanced 
adjustments of these 10 parameters above 1150-1250°C are required to obtain both an acceptable secondary electron 
emission/thermal electronic emission ratio and stable images. 
3. Applications in the field of nuclear glass elaboration 
Both examples reported below mimic the reactivity between a simplified calcined solution of fission products and 
a glass frit.  
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3.1. Dissolution process during simplified glass elaboration  
Fig. 3.HT-ESEM image sequence illustrating the dissolution of Al2O3 crystals in a silicate melt 
The reactivity of crystalline phases with a silicate melt has been studied using HT-ESEM up to 1200°C. An 
agglomerate of Al(NO3)3,9H2O particles was deposited at the surface of a bed of platelets of a simplified glass frit 
and the evolution of this system was recorded as a function of temperature. The image sequence reported in Figure 3 
illustrates the different steps observed at several temperatures. The first phenomenon that is observed between 
139°C and 225°C is the thermal decomposition of Al(NO3)3,9H2O into alumina. The size decrease of the particle is 
associated to the mass loss between the two compounds. The next step is melting of the glass. It occurs at T=800°C. 
It is rapidly followed by the beginning of reactivity with the Al2O3 crystals which occurs in the 800-1000°C 
temperature range. This reaction can be explained by a partial dissolution of the Al2O3 particle that locally modifies 
the melt composition and generates its crystallization. The quantity of crystals increases with increasing 
temperature, up to 1087°C. At this temperature, the newly-formed crystals dissolve in the melt. Parallel, the 
remaining Al2O3 particles are also dissolved. This reaction process is completed at T=1189°C.  
3.2. Intermediary phase formation 
Fig. 4. HT-ESEM image sequence illustrating the formation and dissolution of Na2SiO3 intermediary phase (Boucetta et al. (2012)) 
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The reaction between NaNO3 and a simplified sodo-boro-silicate glass yields to the spreading of liquid NaNO3 at 
the glass surface and to the formation of intermediary Na2SiO3 and “Na2O-B2O3” phases above 306°C (see Boucetta 
et al (2012) for more details). The image sequence that illustrates the evolution of the intermediary phases (494-
659°C) followed by their local melting in contact with the silicate melt (727-894°C) are reported in figure 4. These 
images clearly show how the chemical reactions occur. Coupling this morphological information with EDS analyses 
performed on samples cooled at room temperature allows a complete description of the reaction pathway.
4. Conclusions 
The recent development of a new generation of scanning electron microscopes in which specific furnaces can be 
attached allows performing in situ experiments up to 1400°C, recording images with a sub-micrometer resolution 
and observing directly complex reaction pathways. The interest of this technique for the study of complex reactions 
occurring during the nuclear glass formation is obvious. 
Acknowledgements 
This work was funded by the Commissariat à l’Energie Atomique et aux Energies Alternatives. Financial support 
by AREVA was also gratefully acknowledged. 
References 
Beattie, S.D., McGrady, G.S., 2009. Hydrogen desorption studies of NaAlH4 and LiAlH4 by in situ heating in an ESEM. International Journal of 
Hydrogen Energy 34, 9151-9156 
Beattie, S.D., Langmi, H.W., McGrady, G.S., 2009. In situ thermal desorption of H2 from LiNH2–2LiH monitored by environmental SEM. 
International Journal of Hydrogen Energy 34, 376-379. 
Beattie, S.D., Setthanan, U., McGrady, G.S., 2011. Thermal desorption of hydrogen from magnesium hydride (MgH2): An in situ microscopy 
study by environmental SEM and TEM. International Journal of Hydrogen Energy 36, 6014-6021. 
Bestmann, M., Piazolo, S., Spiers, C.J., Prior, D.J., 2005. Microstructural evolution during initial stages of static recovery and recrystallization: 
new insights from in-situ heating experiments combined with electron backscatter diffraction analysis. Journal of Structural Geology 27, 447–
457. 
Boucetta H., Podor R., Schuller S., Stievano L., Ravaux J., Carrier X., Casale S., Gossé S., Monteiro A., 2012. Mechanism of RuO2
crystallization in simplified borosilicate containment glass: an original in situ ESEM approach. Inorg. Chem. 51(6), 3478-3489 
Carrier, B., Wang, L., Vandamme, M.,. Pellenq, R.J.M., Bornert, M., Tanguy, A., Van Damme H., 2013. ESEM study of the humidity-induced 
swelling of clay film. Langmuir accepted 
Claparède, L., Clavier, N., Dacheux, N., Moisy, P., Podor, R., Ravaux, J., 2011. Influence of crystallization state and microstructure on the 
chemical durability of cerium neodymium mixed dioxides. Inorganic Chemistry, 50, 9059–9072. 
Clavier, N., Podor, R., Delière, L., Ravaux, J., Dacheux, N. 2013. Combining in situ HT-ESEM observations and dilatometry: an original and fast 
way to the sintering map of ThO2. Materials Chemistry and Physics 137(3), 742-749. 
Coillot, D., Méar, F.O., Podor, R., Montagne, L., 2010. Autonomic self-repairing glassy materials. Advanced Functional Materials 20(24), 4371-
4374. 
Coillot, D., Méar, F.O., Podor, R., Montagne, L., 2011. Influence of the active particles on the self-healing efficiency in glassy matrix. Advanced 
Engineering Materials 13, 426-435. 
Courtois, E., Thollet, G., Campayo, L., Le Gallet, S., Bidault, O., Bernard, F., 2011. In situ study of the sintering of a lead phosphovanadate in an 
Environmental Scanning Electron Microscope. Solid State Ionics 186, 53–58. 
Delehouzé, A., Rebillat, F., Weisbecker, P., Leyssale, J.M., Epherre, J.F., Labrugère C., Vignoles G.L., 2011. Temperature induced transition 
from hexagonal to circular pits in graphite oxidation by O2. Applied Physics Letters 99, 044102. 
Fielden, I.M., 2005. Investigation of microstructural evolution by real time SEM of high temperature specimens. PhD thesis Sheffield Hallam 
University (170p). 
Fischer, S., Lemster, K., Kaegi, R., Kuebler, J., Grobety, B., 2004. In situ ESEM observation of melting silver and inconel on an Al2O3 powder 
bed. Journal of Electron Microscopy 53, 393-396. 
Goel, A., Reddy, A.A., Pascual, M.J., Gremillard, L., Malchered A., Ferreira, J.M.F., 2012. Sintering behavior of lanthanide-containing glass-
ceramic sealants for solid oxide fuel cells. Journal of Materials Chemistry, 22, 10042-10054. 
Gómez, L.S., López-Arce, P., Álvarez de Buergo, M., Fort, R., 2009. Calcium hydroxide nanoparticles crystallization on carbonates stone: 
dynamic experiments with heating/cooling and Peltier stage ESEM. Acta Microscopica 18, 105-106. 
Goodrich, T.W., Lattimer, B.Y., 2012. Fire Decomposition Effects on Sandwich Composite Materials. Composites A: Applied Science and 
Manufacturing 43, 803–813. 
116   R. Podor et al. /  Procedia Materials Science  7 ( 2014 )  111 – 116 
Gualtieri, A.F., Lassinantti Gualtieri, M., Tonelli, M., 2008. In situ ESEM study of the thermal decomposition of chrysotile asbestos in view of 
safe recycling of the transformation product. Journal of Hazardous Materials 156, 260-266. 
Hillers, M., Matzen, G., Veron, E., Dutreilh-Colas, M., Douy, A., 2007. Application of in situ high-temperature techniques to investigate the 
effect of B2O3 on the crystallization behavior of aluminosilicate E-Glass. Journal of the American Ceramic Society 90, 720-726. 
Hingant, N., Clavier, N., Dacheux, N., Hubert, S., Barré, N., Podor, R., Aranda, L., 2011. Preparation of morphology controlled Th1-xUxO2
sintered pellets from low temperature precursors. Powder Technology 208, 454–460. 
Hung, J.H.H., Chiu, Y.L., Zhu, T., Gao, W., 2007. In situ ESEM study of partial melting and precipitation process of AZ91D. Asia-Pacific 
Journal of Chemical Engineering, Special Issue: Special issue for the Chemeca 2006 John A Brodie Medal Nominated Papers. Volume 2, 
Issue 5, pages 493–498, September/October 2007. 
Imaizumi, K., Matsuda, N., Otsuka, M., 2003. Coagulation/phase separation process in the silica/inorganic salt systems (1) - observation of state 
transformation. Journal of Materials Science 38, 2979 – 2986. 
Joly-Pottuz, L., Bogner, A., Lasalle, A., Malchere, A., Thollet, G., Deville, S., 2011. Improvements for imaging ceramics sintering in situ in 
ESEM. Journal of Microscopy, 244, 93-100. 
Jonsson, T., Folkeson, N., Svensson, J.E., Johansson, L.G., Halvarsson M., 2011. An ESEM in situ investigation of initial stages of the KCl 
induced high temperature corrosion of a Fe–2.25Cr–1Mo steel at 400 °C. Corrosion Science 53, 2233-2246. 
Jung, Y.C., Bhushan, B., 2008. Wetting behaviour during evaporation and condensation of water microdroplets on superhydrophobic patterned 
surfaces Journal of Microscopy 229, 127-140. 
Klemensø, T., Appel, C.C., Mogensen, M., 2006. In situ observations of microstructural changes in SOFC anodes during redox cycling. 
Electrochemical and Solid-State Letters 9, A403-A407 
Maroni, V.A., Teplitsky, M., Rupich M.W., 1999. An environmental scanning electron microscope study of the AgrBi-2223 composite conductor 
from 25 to 840°C. Physica C 313, 169–174. 
Marzagui, H., Cutard, T., 2004. Characterisation of microstructural evolutions in refractory castables by in situ high temperature ESEM. Journal 
of Materials Processing Technology 155-156, 1474-1481. 
McGregor, J.E., Staniewicz, L.T., Guthrie Neé Kirk, S.E., Donald A.M., 2013. Environmental scanning electron microscopy in cell biology. In 
Cell Imaging Techniques - Methods in Molecular Biology 931, 493-516 
Mège-Revil, A., Steyer, P., Thollet, G., Chiriac, R., Sigala, C., Sanchéz-Lopéz, J.C., Esnouf, C., 2009. Thermogravimetric and in situ SEM 
characterisation of the oxidation phenomena of protective nanocomposite nitride films deposited on steel. Surface & Coatings Technology 
204, 893–901 
Oquab, D., Monceau, D., 2001. In-situ SEM study of cavity growth during high temperature oxidation of ȕ-(Ni, Pd)Al. Scripta Materialia 44, 
2741-2746. 
Podor, R., Clavier, N., Ravaux, J., Claparéde, L., Dacheux, N., Bernache-Assollant, D., 2012. Dynamic aspects of cerium dioxide sintering: HT-
ESEM study of grain growth and pore elimination. Journal of the European Ceramic Society, 32, 353-362.
Podor, R., Pailhon, D., Brau, H.P., J. Ravaux, J., 2013. Sample holder with integrated thermocouple. Patent n° WO2013011022 (01/24/2013) 
Quémarda, L., Desgranges, L., Bouineau, V., Pijolat, M., Baldinozzi, G., Millot, N., Nièpce, J.C., Poulesquen, A., 2009. On the origin of the 
sigmoid shape in the UO2 oxidation weight gain curves. Journal of the European Ceramic Society 29, 2791–2798. 
Reichmann, A., Poelt, P., Brandl, C., Chernev, B., Wilhelm, P., 2008. High-temperature corrosion of steel in an ESEM with subsequent scale 
characterisation by Raman microscopy. Oxidation of Metals 78, 257-266. 
Reichmann, A., Zankel, A., Reingruber, H., Pölt, P., Reichmann, K., 2011. Direct observation of ferroelectric domain formation by 
environmental scanning electron microscopy. Journal of the European Ceramic Society , 31, 2939-2942. 
Sample, D.R., Brown, P.W., Dougherty, J.P., 1996. Microstructural evolution of copper thick films observed by environmental scanning electron 
microscopy. Journal of the American Ceramic Society 79, 1303-1306. 
Schmid, B., Aas, N., Grong, Ø. & ØDegard, R. (2002). High-temperature oxidation of iron and the decay of wüstite studied with in situ ESEM. 
Oxidation of Metals 57, 115-130. 
Sievers, T.K., Genre, C., Bonnefond, F., Demars, T., Ravaux, J., Meyer, D., Podor, R., 2013. Vapour pressure dependence and thermodynamics 
of cylindrical metal-organic framework mesoparticles: an ESEM study. Physical Chemistry Chemical Physics 15, 16160-16166. 
Srinivasan, N.S., 2002. Dynamic study of changes in structure and morphology during the heating and sintering of iron powder. Powder 
Technology 124, 40-44. 
Stabentheiner, E, Zankel, A, Pölt, P., 2010. Environmental scanning electron microscopy (ESEM)--a versatile tool in studying plants. 
Protoplasma 246, 89-99. 
Stokes, D. J., 2008. Principles and Practice of Variable Pressure/Environmental Scanning Electron Microscopy (VP-ESEM). 2008 John Wiley & 
Sons,Ltd. ISBN: 978-0-470-06540-2 
Subramaniam S., 2006. In situ high temperature environmental scanning electron microscopic investigations of sintering behavior in barium 
titanate. PhD thesis, University of Cincinnati, Cincinnati USA. 
Vigouroux, H., Fargin, E., Le Garrec, B., Dussauze, M., Rodriguez, V., Adamietz, F., Ravaux, J., Podor, R., Lotarev, S., Sigaev, V., Vouagner, 
D., De Ligny, D., Champagnon, B., 2013. In situ study of the crystallization mechanism in LiNbO3–SiO2 glasses. Phys. Chem. Glasses: Eur. 
J. Glass Sci. Technol. B 54, 84–88 
Wilson, B.A., Case, D.E., 1997. In situ microscopy of crack healing in borosilicate glass. Journal of Materials Science 32, 3163-3175. 
Yang, J., 2010. In-situ High Resolution SEM Imaging with Heating Stage. Scanning Electron Microscopes (SEM) from Carl Zeiss. 
